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Objective: To evaluate the impact of different metal arti-
fact reduction (MAR) algorithms on Hounsfield unit (HU)
and standardized uptake values (SUV) in a phantom
setting and verify these results in patients with metallic
implants undergoing oncological PET/CT examinations.
Methods and materials: In this prospective study,
PET-CT examinations of 28 oncological patients (14
female, 14 male, mean age 69.5 + 15.2y) with 38 different
metal implants were included. CT datasets were recon-
structed using standard weighted filtered back projec-
tion (WFBP) without MAR, MAR in image space (MARIS)
and iterative MAR (iMAR, hip algorithm). The three data-
sets were used for PET attenuation correction. SUV and
HU measurements were performed at the site of the
most prominent bright and dark band artifacts. Differ-
ences between HU and SUV values across the different
reconstructions were compared using paired t-tests.
Bonferroni correction was used to prevent alpha-error
accumulation (p < 0.017).

Results: For bright band artifacts, MARIS led to a non-
significant mean decrease of 12.0% (345 + 315 HU) in

INTRODUCTION

In recent decades, PET/CT has become an established
procedure in tumor diagnostics and tumor response assess-
ment. Thus, it has been incorporated into several guidelines,
most notably for lung cancer and lymphoma." Especially
in elderly patients, implants such as total endo prosthesis of
the hip or knee as well as dorsal spine instrumentations are
frequent. These implants cause streak and band artifacts in
PET/CT, which may limit diagnostic confidence in identi-
fying adjacent pathology.? Not only do these artifacts reduce
diagnostic quality of the CT image, but also radiotracer

comparison with WFEBP (391 £ 293 HU), whereas iIMAR
led to a significant decrease of 68.3% (125 + 185 HU, p
< 0.017). For SUVmean, MARIS showed no significant
effect in comparison with WFBP (WFBP: 0.99 + 0.40,
MARIS: 0.96 + 0.39), while iIMAR led to a significant
decrease of 11.1% (0.88 = 0.35, p < 0.017). Similar results
were observed for dark band artifacts.

Conclusion: iIMAR significantly reduces artifacts caused
by metal implants in CT and thus leads to a significant
change of SUV measurements in bright and dark band
artifacts compared with WFBP and MARIS, thus prob-
ably improving PET quantification.

Advances in knowledge: The present work indicates that
MAR algorithms such as iIMAR algorithm in integrated
PET/CT scanners are useful to improve CT image quality
as well as PET quantification in the evaluation of tracer
uptake adjacent to large metal implants. A detailed anal-
ysis of oncological patients with various large metal
implants using different MAR algorithms in PET/CT has
not been conducted yet.

uptake quantification is altered as modern PET/CT scan-
ners rely on the CT datasets for attenuation correction of
PET data.” By feigning regions of high density, bright band
artifacts lead to an overestimation of tracer uptake, while
dark band artifacts imitate regions of low tissue density,
leading to an underestimation of tracer uptake.’

In recent years, different techniques for CT metal artifact
reduction (MAR) such as beam-hardening correction,®
segmentation with interpolation’ or dual-energy CT® have
been introduced into clinical practice. While dual-energy
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Figure 1. Phantom construction containing standard hip implant and a solution of 18F-FDG and water. The phantom simulates a
pelvis in a PET/CT scanner (left image), where the hip implant is lying freely in the phantom (CT topogram, right image).

CT requires a dedicated hardware and CT scanning protocols,
software-based algorithms solely require the CT raw data. Initial
MAR algorithms such as MAR in Image Space (MARIS) apply
corrections for beam hardening in the projection and image
domain to reduce artifacts.” Advanced iterative MAR (iMAR)
algorithms use multiple iterations of correction and projection
to eliminate metal artifacts.'®!!

While using MARIS or iMAR in CT scans in patients with
large metal implants is common clinical practice,'>'* only a few
studies have evaluated the use of iMAR algorithms for attenua-
tion correction in PET/CT. Initial studies using phantom scans
demonstrated a possible effect of iMAR on PET quantification
in patients with hip implants."*'> However, a detailed analysis
of oncological patients with various large metal implants using
different MAR algorithms in PET/CT has not been conducted.

Therefore, the aim of the present study was to evaluate the
impact of MAR algorithms on Hounsfield unit (HU) and stan-
dardized uptake value (SUV) measurements in a phantom with
hip implant and to verify these results in oncological patients
with metal implants.

METHODS AND MATERIALS

Phantom

A phantom scan was performed as a proof-of-concept (Figure 1).
The phantom consisted of a 25L container with a 32cm diam-
eter, which is of comparable size to an adult abdomen and pelvis.
Simulating a pelvis, the phantom contained a standard hip
implant (Hipn go stem, FH Ortho Inc., IL, USA). Because of a
special custom-made design, the hip implant was lying freely in
a solution of '*F-FDG and water. Similar to values seen in patient
scans, background radiotracer concentration was diluted to
approximately 6.5 kBq/mL.

Patients

28 oncological patients (14 female, 14 male, mean age 69.5 + 15.2
years) with large metal implants undergoing a PET/CT examina-
tion between April and August 2017 were included in this prospec-
tive study. The institutional review board of the Medical Faculty of

the University of Diisseldorf approved this prospective study and
written informed consent was obtained from all patients.

Overall, the included patients had 38 different metal implants
which included hip implants (n = 16), knee implants (n = 13),
plate osteosynthesis (1 = 4), shoulder implants (n = 3), and spine
implants (n = 2). Patients fasted for 6 h prior to the examina-
tion to ensure that blood glucose levels were below 150 mgdl™
(8.32mmoll™). In all patients, 18F-FDG was used as tracer.
The activity of 18F-FDG was dependent on the patient’s weight,
resulting in a mean activity of 220 + 40 MBq.

Data acquisition

PET and CT data were acquired on a biograph mCT PET/CT
scanner (128 slices, Siemens Healthineers, Forchheim, Germany).
Image acquisition was performed 64.9 + 5.8 min after tracer injec-
tion. As specified in our standard protocol for whole body PET/CT
examinations, CT examinations were performed with automated
tube current modulation (CareDose 4D, Siemens Healthineers)
with a reference tube current time product of 190 mAs. Automated
tube voltage selection was used (CarekV, Siemens Heathineers)
with a reference value of 120 kVp. CT data were acquired with a
0.5s rotation time, 32 x 1.2mm collimation and a pitch of 0.8. PET
data were acquired for 3min per bed position.

The phantom was scanned with the same parameters except for
the tube voltage, which was set to 120k Vp.

CT image reconstruction

CT raw data were exported to a separate workstation and CT
image reconstructions were performed using a dedicated soft-
ware (ReconCT v. 13.8.2.0, Siemens Heathineers). Reconstruc-
tions were performed using weighted filtered back projection
(WEBP) as standard method, MAR in image space (MARIS),
and an iterative metal artifacts reduction (iMAR) 2D algorithm
for large implants (called “hip implant”, HIP). All images were
reconstructed in axial orientation with a slice thickness of 5 mm
and a 2mm increment using a medium smooth kernel (B30f)
and a matrix size of 512 x 512.
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Figure 2. Measurement of HU values in the phantom (A) and
patient scan (B), both containing a hip implant. In each image,
three circular regions of interest (ROIs) with 10 mm diameter
were drawn at the most prominent bright band artifacts and
three in the most prominent dark band artifacts.

PET reconstruction

Attenuation-corrected PET images were reconstructed using
WEFBP, MARIS, and iMAR-hip CT datasets using ordered subset
expectation maximization with four iterations and eight subsets.
The slice thickness was matched to the CT images. A Gaussian
filter kernel with a full width at half maximum of 2.0 mm was
used for postreconstruction filtering, with a transaxial matrix
size of 200 x 200.

Image analysis

For anatomical analysis, CT Images reconstructed using WFBP
without MAR, MARIS, and iMAR-hip were analyzed. For SUV
analysis, PET images based on the three CT reconstructions as
attenuation correction were analyzed (Figure 2). In each CT recon-
struction, six circular ROIs with a diameter of 10 mm were placed:
three ROIs within the most prominent bright band artifact and
three ROIs within the most prominent dark band artifact. The
ROIs were automatically copied to all three PET reconstructions.
For each ROI, average HU values in the CT images and SUVmean
and SUVmax values in PET images were measured.

BJR

Statistical analysis

Statistical analysis was performed using SPSS Statistics 24 (IBM
Corp., Chicago, IL, USA). Mean and standard deviation was calcu-
lated for HU values in CT as well as SUVmean and SUVmax in PET
reconstructions in the bright and dark band artifacts for WFBP,
MARIS, and iMAR-hip. Differences between HU and SUV were
compared between WFBP, MARIS, and iMAR-hip in the bright
and dark band artifacts using a paired ¢-test. Bonferroni correction
was used to prevent alpha-error accumulation (p < 0.017).

RESULTS

Phantom scan

In the phantom scan, a significant change in HU could be
observed in the iMAR images in comparison with WFBP in
bright band artifacts (WFBP: 261 + 99, iMAR-hip: 48 + 26) and
in dark band artifacts (WFBP: —242 + 122, iMAR: —-21 + 14, both
p < 0.017). MARIS showed no significant impact on HU values
in dark and bright band artifacts in comparison with WFBP
(Table 1).

In PET quantification, iMAR led to a significant decrease in
comparison with WFBP in bright band artifacts of 13.9% in
SUVmean (WFBP: 1.15 + 0.04, iMAR: 0.99 + 0.08) and of 14.3%
in SUVmax (WFBP: 1.33 £ 0.11, iMAR: 1.14 + 0.14, both p <
0.017). In dark band artifacts, iMAR-hip led to an increase of
33.3% in SUVmean (WFBP: 0.75 + 0.10, iMAR: 1.00 £ 0.01)
and of 25.3% in SUVmax (WFBP: 0.95 + 0.15, iMAR: 1.19 +
0.02, both p < 0.017). There was no significant change in SUV
measurement between WFBP and MARIS (Figure 3).

An additional measurement was performed in the phantom in
regions that showed no artifacts from the hip implant. HU values
were —2 + 15 for WFBP, —4 + 15 for iMAR-hip, and -3 + 15 for
MARIS. For SUV measurements, SUVmax in WFBP was 1.16 +
0.15, 1.17 + 0.13 in iMAR-hip and 1.16 + 0.17 in MARIS. There
was no significant change in both HU and SUV measurements
between the three reconstructions.

Table 1. Phantom measurements: Values of HU and SUV measurement for bright and dark band artifacts in WFBP, MARIS, and
iIMAR. HU, SUVmax and SUVmean values of bright band artifacts significantly decreased, and of dark band artifacts significantly
increased in IMAR compared to WFBP. MARIS showed no significant impact on HU and SUV measurements in comparison with

WFBP

bright band dark band
HU WEBP 261.4+98.8 -241.6 £ 121.5
MARIS 197.5 674 ~1712 £ 719
iMAR 48.0 £26.4° -20.7 £13.9°

SUVmean WEBP 1.15+0.04 0.75 £ 0.10

MARIS 111 +0.06 0.81£0.07

iMAR 0.99 +0.08" 1.00 £ 0.01¢

SUVmax WEBP 1.33 +0.11 0.95+0.15

MARIS 1.25+0.10 1.03 +0.09

iMAR 1.14 £0.14° 1.19 £0.02°

HU: Hounsfield unit; MARIS: metal artifact reduction in image space; SUV: standardized uptake value; WFBP: weighted filtered back projection;

iMAR: iterative metal artifact reduction.
9p<0.017 between WFBP and iMAR
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Figure 3. Comparison of WFBP, MARIS, and iMAR-hip in CT and PET in phantom scan. iMAR leads to an improved image quality
adjacent to the hip implant in CT and PET images. Between WFBP and MARIS, no relevant visual differences can be observed.
WFBP: weighted filtered back projection; MARIS: metal artifact reduction in image space; iIMAR: iterative metal artifact reduction.

CT

PET

Therefore, in bright band artifacts, WFBP led to an absolute increase
0f 263 + 72 HU, whereas the increase of iMAR-hip was 80.2% lower
(52 + 21, p < 0.017). For dark band artifacts, the increase of HU
values in iMAR-hip was 92.9% in comparison with WFBP (WFBP:
—240 + 89; iMAR-hip: —17 + 14; p < 0.017). In PET quantification,
iMAR-hip led to a decrease of 82.4% in SUVmax in bright band
artifacts compared to WFBP (WFBP: 0.17 £ 0.11, iMAR-hip: —0.03
+0.12, p <0.017) and an increase of 90.5% in SUVmax in dark band
artifacts (WFBP: —0.21 + 0.13, iMAR-hip: 0.02 £ 0.12, p < 0.017).
There was no significant impact on HU and SUV measurement
between WFBP and MARIS.

Patient scan

In bright band artifacts, MARIS led to a non-significant decrease
of 12.0% (345 + 315 HU) in comparison with WEFBP (391 +
293 HU). iMAR led to a significant decrease of 68.3% (125 +
185 HU, p < 0.017). Similar results could be observed in dark

iMAR-hip

band artifacts: MARIS led to a non-significant increase of 20.4%
(WFBP: —465 + 241 HU, MARIS: —-371 * 248 HU), whereas
iMAR led to a significant increase of 84.1% (-74 + 168 HU, p <
0.017) (Table 2).

These findings translate to PET quantification: in both, bright
and dark band artifacts, SUVmean and SUVmax were compa-
rable when using WFBP and MARIS for PET attenuation correc-
tion. iMAR led to a significant SUVmean and SUVmax decrease
of 11.1 and 10.1%, respectively, in comparison with WFBP
(SUVmean: WFBP: 0.99 + 0.40, iMAR: 0.88 + 0.35, SUVmax:
WEFBP: 1.09 + 0.43, iMAR: 0.98 + 0.39, p < 0.017, respectively)
(Figure 4). For dark band artifacts, SUVmean increased by 20.8%
(WFBP: 0.72 + 0.41, iMAR: 0.87 + 0.46, p < 0.017) and SUVmax
increased by 21.1% (WFBP: 0.76 + 0.43, iMAR: 0.92 + 0.49, p <
0.017) when using iMAR compared with WFBP for attenuation
correction.

Table 2. Patient examinations: Values of HU and SUV measurements in bright and dark band artifacts in WFBP, MARIS, and iMAR
reconstructions. iIMAR leads to a significant decrease of HU and SUVmean in bright band artifacts and to a significant increase of
HU and SUVmean in dark band artifacts in comparison with WFBP. For MARIS, HU and SUV measurements do not change signif-

icantly in comparison with WFBP

bright band dark band

HU WEBP 391.4 £293.0 ~465.0 +241.4
MARIS 344.6 £314.7 -370.9 +247.5
iMAR 124.6 + 184.5° ~74.3 + 168.1°

SUVmean WEBP 0.99 +0.40 0.72 £ 0.41
MARIS 0.96 +0.39 0.74 +0.42
iMAR 0.88 + 0.35" 0.87 £ 0.46"

SUVmax WEBP 1.09 £0.43 0.76 +0.43
MARIS 1.06 + 0.42 0.79 £ 0.45
iMAR 0.98 +0.39° 0.92 +0.49°

HU: Hounsfield Unit; MARIS: metal artifact reduction in image space; SUV: standardized uptake value; WFBP: weighted filtered back projection;

iMAR: iterative metal artifact reduction.
9p<0.017 between WFBP and iMAR
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Figure 4. Changes of HU and SUVmax values in bright band artifacts (patient scans with WFBP, MARIS, and iMAR-hip). The
reduction of the bright band artifact HU and SUVmax values by iMAR in comparison with WFBP is significant (p < 0.017). For
MARIS, there are no significant changes in both HU and SUV measurements. HU: Hounsfield unit; SUV: standardised uptake value;
WFBP: weighted filtered back projection; MARIS: metal artifact reduction in image space; iIMAR: iterative metal artifact reduction.
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DISCUSSION

Our data demonstrate the effectiveness of the iMAR algorithm
not only to reduce artifacts from large metal implants, but also
to improve PET image attenuation correction and provide more
reliable, quantitative SUV measurements adjacent to large metal
implants.

Over the last years, various techniques have been introduced to
reduce metal artifacts in CT examinations. Modern techniques
such as MARIS or the iMAR algorithm solely rely on CT raw
data. Thus, no additional hardware or radiation exposure are
necessary. In recent studies, the iMAR algorithm improved CT
image quality and reduced metal artifacts from large metal arti-
facts and dental implants.”'® As PET reconstructions in inte-
grated PET/CT scanners are based on CT data, iMAR was found
to influence PET attenuation correction in phantom measure-
ments. Preliminary data also indicate a change of SUV values

bright band artifact
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of different radiotracers when using the iMAR algorithm in
patients with metal implants.>"

Our data demonstrate that iMAR leads to significant changes of
HU measurements in dark and bright band artifacts from large
metal implants in oncological 18F-FDG PET/CT examinations.
This is in accordance to previous CT-studies demonstrating a
reduction of image artifacts when using iMAR algorithms.”* In
contrast to these results with the iMAR algorithm, MARIS had
no significant impact on HU values in phantom scan and patient
examinations in PET/CT.

These findings also translate to PET: In the phantom measurement,
iMAR leads to more accurate quantitative SUV measurement adja-
cent to large metal implants. This effect can also be observed in
our patient cohort. This could affect the diagnostic confidence and
PET quantification not only of tissue adjacent to knee or shoulder

Figure 5. Band artifacts caused by bilateral hip implants in a 59-year-old patient suffering from prostate cancer. The dark and
bright band artifacts that can be observed in WFBP and MARIS CT images have almost disappeared using the iMAR-hip algorithm,
leading to an improved diagnostic image quality in the pelvis. Despite the improved PET quantification, there is no obvious visual
difference between the different PET reconstructions. WFBP: weighted filtered back projection; MARIS: metal artifact reduction

in image space; iIMAR: iterative metal artifact reduction.

WFBP

MARIS

iIMAR-hip
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implants, e.g. in sarcoma patients undergoing PET/CT for recur-
rence diagnostics, but also to suspicious lesions in pelvic organs in
patients with hip implants (Figure 5).

Our study has limitations. Although we chose the iMAR algo-
rithm for large implants, more iMAR algorithms were available.
The results were not compared to other MAR algorithms (e.g,,
iMAR algorithms from other vendors). Besides, a comparison with
dual-energy CT-based MAR techniques could not be made. In our
cohort, no PET positive lesions were located adjacent to the metal
implants. Therefore, impact of MARIS and iMAR on pathological
tracer uptake could not be quantified.

CONCLUSION

iMAR reduced artifacts in CT-images and improved CT image
quality in patients with large metal implants. This had a direct effect
on PET image attenuation correction, leading to a more accurate
SUV quantification in locations with bright and dark band artifacts.

Martin et a/

A similar effect could not be observed for the MARIS algorithm
neither in the phantom scan nor in patient examinations.

Therefore, we recommend implementing the iMAR algorithm in
integrated PET/CT scanners to improve CT image and improve
PET quantification in the evaluation of tracer uptake adjacent to
large metal implants.
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